Weed management is a major constraint in organic crop production. The main objectives were design, development and evaluation of a targeted-discrete flame weeder in laboratory and comparing continuous (uniform) flame weeding with targeted flaming of inter-row weeds in an organic maize production field. In the laboratory tests, optimum angle and height of burners, as well as accuracy and precision of the targeted discrete-flamer were evaluated at three levels of ground speed (0.5, 0.7 and 0.9 m s -1 ). In the field experiments, the effects of the same ground speed levels at three maize plant growth stages (4, 6 and 8 leaves denoted by V4, V6 and V8, respectively) on weed eradication as well as on fuel consumption were investigated. The results of the laboratory tests showed that the optimum position of burners were 25 cm above the ground surface and inclined at 30º for achieving acceptable accuracy in application of targeted flaming. In the field trials, uniform (continuous) and targeted (discrete) flaming showed similar results in weed eradication, while fuel consumption of the targeted method was significantly lower than the uniform application. Also, based on the field experiments, weed control calculated three days after flaming (3DAF) was significantly higher than that of one day after flaming (1DAF) and the first flaming was significantly more effective than the second and third flaming. The results of this investigation indicates that targeted-discrete flame weeding by using machine vision technology is a potential alternative to uniform flaming with extra advantages of lower fossil fuel consumption and air pollution.
Introduction
Weed management is considered one of the main challenges responsible for significant yield reduction in production agriculture, especially in organic farming systems, where weed control is cited as the foremost production-related problem (Walz, 1999) . Using synthetic herbicides is the dominant method of weed control in conventional crop production. Leaching of herbicides into surface and ground water and its residues in drinking water and food has sparked public concern on herbicide use (Rifai et al., 2002) . There are very few herbicides approved for organic farming but they are non-selective and can damage the crops (Knezevic, 2009) . Therefore, organic farmers rely on hand weeding and mechanical cultivation for their weed control. Hand weeding is expensive, time consuming and difficult to organize (Kruidhof et al., 2008) . Also, it has been reported that repeated cultivation destroys soil aggregate, can accelerate loss of soil organic matter, increases the chance for soil erosion and promotes emergence of new weed flushes (Hiltbrunner et al., 2007; Wszelaki et al., 2007) . Therefore, over the last two decades weed scientists have considered alternative and integrated weed management practices to reduce herbicide application (Rifai et al., 2000) . Flame weeding using propane has been proposed as an alternative weed control method in organically grown field crops (Knezevic & Ulloa, 2007) . Propane combustion is relatively clean compared to other fossil fuels (Ascard et al., 2007) , does not have any chemical effects on plants, soil, air or water, and does not disturb the soil surface, thus decreasing possibility of soil erosion (Nemming, 1994; Wszelaki et al., 2007) . Flame weeding kills weeds with an intensive wave of heat, without disturbing the soil or harming the crop root system (Rifai et al., 2003) . The concept of flame weeding is not new, in fact, agricultural applications of flaming were developed for field crops and fruits in the 1940s (Lague et al., 1997) . Earlier studies had also shown that flaming could be utilized as an alternative method to control weeds in vegetable crops (Ascard, 1995; Wszelaki et al., 2007) .
The mechanism of weed control by flaming is based on heating plant tissue rather than burning it (Leroux et al., 2001) . Propane burners by generating combustion temperatures of up to 1900
• C can rapidly raise the temperature of exposed plant tissues (Ascard, 1998) . This direct heat damage, results in loss of cell function due to denaturation of membrane proteins which eventually results in plant death or drastic reduction of its competitive ability (Parish, 1990; Pelletier et al., 1995; Rifai et al., 1996; Lague et al., 2001 ).
Due to the significant variability in weed density and distribution along most agricultural fields, research results indicate that potential reduction in herbicide consumption can be achieved by using a site-specific application approach (Blackmore, 1994; Cardina et al., 1997; Lindquist et al., 1998) . Therefore, it is expected to save propane consumption if flaming is used for weed control on site-specific basis by taking into account the variability in weediness.
So far, no report has been published regarding site-specific application of propane flaming for weed control, thus, the main objective of this study was to evaluate and compare propane consumption and weed eradication efficacy of targeted discrete-flame weeding with broadcast flaming of interrow weeds in maize planting as influenced by flame weeder travel speed, flaming repetition and crop growth stage. The other specific objectives included; (a) finding the optimum burners' height and angular orientation and (b) laboratory assessment of targeted-discrete flaming delay and accuracy of image processing algorithms as influenced by travel speed and target spacing. The criteria used for evaluation and comparison included accuracy of weed detection and burner triggering, weed eradication indices and propane consumption.
Materials and Methods

Flamer specifications
The experimental targeted flamer (Fig. 1 ) was designed and developed in the Department of Mechanics of Agricultural Machinery at Shiraz University. Flaming system consisted of two blade burners installed on an adjustable height and inclination support to conform to the shape of the crop furrows. For preventing the main plant from the burners' flame and heat, protection shields made of flame resistant rubber were installed on either side of the flame weeder.
Video images were captured with a frame rate of 30 fps by means of a digital color camera (SHARK, with 6 mm diameter lens and 3.1 megapixel resolution) mounted on the flamer chassis positioned at 85 cm above the ground to capture the image of a furrow between two adjacent crop rows. Images were captured with dimensions of 65×54 cm and resolution of 640×480 pixels. A lap top PC (Sony 2.53 GHz CPU) was used as the image processing computer. On sunny days, image processing resulted in some difficulties due to the presence of highlights and shadows in the images. Thus, a light diffuser (cast acrylic cover) which avoided direct sun light was employed to reduce the effects of natural illumination. 
Image processing
The image processing software was developed using the Image Processing Toolbox IMAQ for Labview v7.1. The flamer in this study was designed to serve as an inter row weeder. It was assumed that all the plants between the main crop rows should be eradicated because they are considered as the weeds. Therefore the main task of the image processing program here was to discriminate the green plants from the background soil.
Excessive green relation (Eq. 1) has demonstrated its potential for segmentation of green plants from soil and residues (Woebbeck, 1995) . It is based on the fact that green objects have larger green value respect to two other color components i.e. blue and red. Therefore such equation could be used to recognize the green plants in the image. Although, theoretical threshold value is supposed to be zero, differences between the RGB definitions of different cameras call for a slight modification on coefficients or threshold value of the relation to yield the best segmentation of plants from the soil. Preliminary study on the images showed that complete recognition of the plants was possible if the threshold value was set to 0.15 instead of zero.
where: EXG is the "Excessive Green" and R, G, and B are the main color components of the image.
Defining a segmentation rule based on the Eq. 1 provided a binary image with black and white pixels where black pixels correspond to the soil and white pixels represent the plants (Fig. 2 ).
The image processing steps for triggering the solenoid valves are shown in figure 3 . The amount of the second threshold for firing the flame depends on the amount of the weed and the size of the canopy area. This value was arbitrary set at 2% and could be changed if less or more strict eradication of the weeds was desired. 
Laboratory tests
Laboratory tests were conducted in the Research Laboratory of the Department of Mechanics of Agricultural Machinery at Shiraz University. One of the objectives in laboratory tests was determining the optimum tilt angle and height of burner from soil surface. For this purpose, flaming tests were conduct by positioning the burners at three tilt angles (22º, 30º and 45º) and three vertical distances (15, 25 and 35 cm) from test track covered with weeds transported from field to the laboratory. After flaming, weeds that were killed changed color and appearance from a glossy to a matte finish. The criterion for selecting the optimum height and tilt angle of the burners was based on achieving uniform and adequate flaming without actually burning the weeds. Weed foliages are considered adequately flamed when they retain thumb print when pressed between thumb and finger (Lanini & Grant, 2003) . For collecting quantitative data on weed control by flaming, the percent of severely heat damaged weeds were determined and denoted by percent favorable weed killing (PFWK). On the other hand, delivery accuracy tests were carried out on artificial targets. For this purpose, 31 green colored 120×120 mm square paper targets were placed randomly on a 10×0.65 m test track according to the procedure reported by Tian (2002) . For laboratory assessment of targeted-discrete flaming delay, 20 strips of weeds (65×5 cm) were placed in 20 and 15 cm spacing on laboratory test track. For each test, tractor carrying the flamer was driven along the weed strips at three speed levels (0.5, 0.7 and 0.9 m s -1 ) with three replications. For delay measurements, Windows Movie Maker software was used for evaluation of video films that were taken from simultaneous execution of Lab view software and discrete flaming by burners.
Accuracy of image processing algorithms was assessed by using Adobe Photoshop software comparing the results of the image processing and correct number of the soil and plant pixels from 31 pictures taken in the field. Then, 1 and 2 (Equations 2 and 3, respectively) were used for evaluating the image processing algorithm.
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Field experiments
Study site and experimental setup
Field experiments were conducted at the Agricultural Research Station of Shiraz University, where maize was grown in rotation with wheat. The soil texture was composed of 17.8% sand, 48% silt and 34% clay, classified as clay-loam. Wheat residues were removed before maize (hybrid SC-704) was planted at the seeding rate of 60,000 seeds ha −1 , in 75cm row spacing using a four-row pneumatic planter on May 28, 2011.
Field experiment design and treatments
The field experiment was conducted using a randomized complete block design with four replications to investigate the effects of three levels of ground speed (0.5, 0.7 and 0.9 m s -1 ) at three growth stages V4 (4-leaf), V6 (6-leaf) and V8 (8-leaf) of maize plants and two flame weeding methods (uniform and targeted) on weed eradication and fuel consumption. The treatments also consisted of untreated (control) plots. The plot dimensions were 10 m × 0.75 m. Flaming was conducted on June 13, June 20 and June 27 of 2011, which corresponded to the growth stages of V4, V6 and V8, respectively.
Field evaluation
5. 1 Data collection
Weed control was evaluated both on number (separately for grass and broadleaf weeds) and weight basis using a 0.5m² quadrant placed randomly along each treatment row with five replications on June 14 and 16 for the first flaming, June 21 and 23 for the second flaming and June 28 and July 1 st. for the third flaming, which corresponded to, 1DAF and 3DAF for each flaming. Fuel 1 Miss classification rate of plant ( ) 2 Miss classification rate of soil ( ) consumption was measured by weighting the propane gas tank with an appropriate load cell at the beginning and end of each test plot.
5. 2 Field evaluation of flame weeding efficacy
For evaluating the effectiveness of flaming in eradication of weeds the following two indices based on measuring the dry weight and number of dead weeds as presented by Pierce (2001) was used:
1. Percent control (P.C.) is defined as the mean ratio of dead weeds data after weeding treatment (number based) to that of the living weeds before treatment in the same test plots, calculated in percentage.
2. Weed control (W.C.) is defined as the mean ratio of dead weeds data after weeding treatment (weight based) to that of the living weeds in the control plots at the time of collecting dead weed data, calculated in percentage.
The second index, Weed control (W.C.) was calculated both for one day and three days data after flaming and were denoted as W.C. One day after flame and W.C. Three days after flame, respectively. In calculation of W.C. Three days after flame, cumulative dry weight of dead weeds in each of the 0.5m² quadrants in the treated plots one and three days after flaming was divided by the dry weight of living weeds in the control plots at the time of collecting dead weed data of the treatment plots.
Results and Discussion
Results of the Laboratory Tests
The collected laboratory data belong to four categories: (1) determination of optimum tilt angle and height of burners from soil surface, (2) delivery accuracy test, (3) flaming lead/lag test and (4) Accuracy of image processing algorithms.
Analyzing the variance of data on percent favorable weed killing (PFWK) for determining the best tilt angle and height of burners above the soil surface, indicated that the effects of travel speed, tilt angle and height of burners above the soil surface, were significant.
As showed in Figure 4 , the best performance was obtained at 30° tilt angle and vertical position of 25 cm above the soil surface. At tilt angles larger than 30° and vertical position higher than 25 cm weeds do not received enough heat for weed killing and at tilt angles smaller than 30° and vertical position lower than 25 cm weeds receive heat more than favorable temperature and are burned. Therefore, for optimum performance, the tilt angle and height of burners from the soil surface were fixed at 30° and 25 cm, respectively.
Fig 4. Comparison of means values of PFWK at different tilt angels and height of burners above the ground
Analysis of the variance of data on percentage of burned green-colored paper targets indicated that the effect of travel speed was significant. As showed in Table 1 , the highest flaming accuracies were obtained at travel speeds of 0.5 and 0.7 m s -1 .
Based on analyzing the variance of data on flaming lead/lag as affected by various treatments indicated that the effects of travel speed were significant. Interaction of speed considerably affected lead/lag time. Comparing the mean values of delay times at three levels of travel speed studied in this research indicates that delay time is considerably higher at the highest travel speed (0.9 m s -1 ). This could be attributed to the less time available for solenoid valves actuation at higher travel speeds; even though these delay times are very small and are reported in milliseconds. As showed in Figure 5 , the highest accuracy was obtained at 0.5 and 0.7 m s -1 travel speeds.
Correct identification of the plants against the soil by using 2G-R-B method was one of the objectives of this study. The results of the assessment of image processing algorithms of 31 pictures taken from the field were obtained as 0.784% and 0.974% for and , respectively that shows an acceptable accuracy. 
2 Results of the Field Tests
1 Weed Control
2. 1. 1 Based on W.C. weight
Analysis of variance of data on weight of dead weeds as affected by various treatments indicated that the effects of travel speed, flaming repetition and DAF on weed control (W.C.) were significant, while the effect of flaming type (uniform and targeted discrete-flaming) was not significant.
2. 1. 2 Based on P.C. number of grass
The effects of travel speed and DAF on percent control (P.C.) based on number of dead grass type weeds were significant, while the effect of flaming type was not significant.
2. 1. 3 Based on P.C. number of broadleaf
The effects of flaming repetition and DAF on percent control (P.C.) based on number of broad leaf weeds were significant, while the effects of travel speed and flaming type were not significant.
2. 2 Effect of travel speed
Comparing the mean values of weed control based on weight of the dead weeds at three levels of travel speed studied in this research, as shown in Figure 6 indicates that weed control is significantly higher at the lowest travel speed (0.5 m s -1 ). This could be attributed to greater exposure time that weeds were subjected to at lower travel speeds, while the percent control based on number of dead weeds is not significant between travel speeds of 0.7 and 0.5 m s -1 .
According to the analysis of variances of weed eradication data based on the number of dead weeds, there is no significant difference in weed eradication at different levels of travel speed for broadleaf weeds, while in case of the grass type weeds the effect of travel speed was significant. This could be attributed to the higher sensitivity of broadleaf weeds to heat due to their larger surface which absorbs more heat energy even at higher travel speeds. This is in agreement with the results reported by former researchers (Lanini & Grant, 2003; King et al., 2001) . 
2. 3 Effect of flaming repetition
A comparison of mean values of weed control at three flaming repetitions as illustrated in Figure 7 shows that the first flaming is significantly more effective than the second and third flaming in killing broadleaf and grass type weeds, calculated both on weight and number basis. This is in agreement with findings of former researchers (King, 2001; Lanini & Grant, 2003) , who attributed this to the more tender leaves and shallower roots of weeds at the earlier growth stages. Nonsignificant response of grass type weeds to flaming repetition could be attributed to higher resistance of grass type weeds to flaming as already reported by King (2001).
2. 4 Effect of days after flaming (DAF)
The comparison of mean values of weed control as shown in figure 8 indicates that flaming has been more effective in eradication of both grass type and broadleaf weeds when measured 3DAF than 1DAF, using either weight-based or number-based indices. This could be attributed to the mechanism of weed control by flaming which is based on heating plant tissues rather than burning those (Leroux et al., 2001 ). This progressive trend of cellular collapse needs more than one day to exhibit its effect as a dead and dried-up weed to be counted in calculation of weed control index. 
2. 5 Fuel consumption
Analysis of variance of fuel consumption data showed significant effect of state of flaming on fuel consumption. Comparing the mean values of fuel consumption as shown in Figure 9 indicates that the amount of propane gas used for uniform flaming is significantly larger than targeted discrete flaming. 
Conclusions
The results of the laboratory test show an acceptable accuracy in application of targeted flaming. For evaluating the effectiveness of uniform and targeted discrete propane flaming in controlling the inter-row weeds in an organic maize production field, two indices based on measuring the dry weight or number of dead grass type and broadleaf weeds following flame applications were employed. In general, uniform and targeted discrete flaming showed similar results in weed eradication (both on weight and number-basis), while fuel consumption of the targeted method was significantly lower than that of the uniform application. The effect of three flaming repetition on weed control showed that the first flaming was significantly more effective than the second and third flaming and weed control calculated 3DAF was significantly higher than that of 1DAF. The effect of travel speed on weed control was significant such that weed eradication was higher at lower travel speeds.
The results of this investigation indicate that targeted discrete flame weeding by using machine vision technology is a potential alternative to uniform flaming with extra advantages of lower fossil fuel consumption and air pollution. 
